INTRODUCTION {#s1}
============

Return to work after spinal cord injury (SCI) improves health-related quality of life[@r1],[@r2],[@r3]^)^ and is positively associated with psychological adjustment after injury[@r4], [@r5]^)^. In addition, employment of people with SCI has a positive influence on the adjustment of family and social relationships post injury[@r6], [@r7]^)^. Thus, employment is one of the most important goals of rehabilitation after SCI[@r8]^)^. However, a review of published studies reported rates of return to work ranging from 21.0--67.0% during 2000--2006[@r9]^)^. In particular, employment rates are lower for people with tetraplegia than people with paraplegia[@r10], [@r11]^)^, and individuals with severe injury have difficulty in returning to work[@r12]^)^. To promote the employment of people with severe disabilities, it is necessary to evaluate their abilities and to provide assistive technology or an appropriate working environment.

If individuals with cervical SCI require a wheelchair, it may not be possible to work in outdoor cultivation. We researched employment opportunities for people with severe disabilities and developed an appropriate environment to make the best use of their talents by utilizing a fully artificial light-type plant factory (hereafter, plant factory). Growing plants indoors enables stable and high-speed production that is not affected by the weather; the plants are also highly valuable for use in medicines or health foods, as there is greater quality control with hydroponic culture and availability of nutritional ingredients in a closed indoor space. In addition, high safety can be ensured by cultivating plants in the absence of pesticides in a sterile environment. Furthermore, the plant factory has the advantages of providing employment with stable wages.

To date, we have created a universal design model of the plant factory that enables plants to be cultivated while working in a sitting position for elderly individuals and those with thoracic SCI. We have been developing a welfare-type plant factory that incorporates labor-saving devices and systems and facilitates agricultural employment by including job categories for individuals with cervical SCI.

It is important to consider the influences of working in an environment that is suitable for employment of individuals with SCI. The aim of the present study was to investigate the physical and mental effects of plant factory work in individuals with cervical SCI and to evaluate the use of a newly developed agricultural working environment.

SUBJECTS AND METHODS {#s2}
====================

Six males with C5--C8 SCI (mean age, 35.8 ± 7.6 years) and a control group of 10 healthy volunteers (mean age, 25.6 ± 10.2 years) participated in this study. According to the American Spinal Injury Association guidelines[@r13], [@r14]^)^, the subjects with cervical SCI had upper motor scores ranging from 10 to 40. The inclusion criteria were as follows: (1) ability to use a manual wheelchair, (2) no pain in the shoulder joints, and (3) consented to participate in the study. This study was approved by the Ethics Committee of the School of Comprehensive Rehabilitation, Osaka Prefecture University (2013-119).

The present study investigated upper muscle activity, mood state, and work time during plant factory tasks. The subjects performed the following 3 simulated tasks in the model plant factory, with 150 repetitions of each task: sowing, transplantation, and harvesting. Working time was measured with a stopwatch from the beginning to the end of each task. If subjects took longer than 5 times the duration it took an average healthy person to complete the tasks, the subject performed 50 repetitions of the tasks.

Sowing was performed with seeds for a species of green lettuce (about 0.05 g); subjects planted 150 lettuce seeds in soft urethane foam containing 300 holes in the first 6 of 12 rows from the front within a nursery box (W 600 mm × L 300 mm × H 40 mm). Transplantation involved lettuce seedlings within a soft urethane foam cube (about 10 g); subjects transplanted 150 lettuce seedlings in trays (W 500 mm × L 500 mm × H 60 mm; 9 holes; 4" between centers). In harvesting, which was performed with grown lettuce (about 50 g), subjects simulated harvesting 150 lettuce plants by pretending to cut the bottom of the lettuce in the tray and transferring it to a harvest box located at their side. Subjects used their hands or a spoon for sowing and transplantation and scissors or an imitation cutter for harvesting to ensure safety.

In the laboratory environment of the model plant factory, all work was performed on a bench set to a height of 70 cm so that it could pass through the armrest of a wheelchair, and the space between the bench and subject's trunk was set to 15 cm. Healthy subjects performed the tasks while sitting in wheelchairs, and those with cervical SCI performed the tasks in their own manual-type wheelchairs. All sessions were performed at a constant ambient temperature of 24 °C, and a person who had more than 3 years of experience in a plant factory supervised the subjects to ensure tasks were performed appropriately.

Surface electromyography (EMG) was recorded using a TeleMyo 2400 G2 Telemetry System and the MyoResearch XP Master analysis software (Noraxon U.S.A., Inc., Scottsdale, AZ, USA) at a sampling frequency of 1.5 kHz. To assess the workload, EMG was recorded from the beginning to completion of each task for 3 muscles in the dominant upper arm: the upper trapezius, anterior deltoid, and biceps brachii muscles. The maximum integrated values 1 second from 5-second maximum voluntary contractions performed against manual resistance were measured twice at the end of an experimental day; these values were used to normalize the percentage of maximum voluntary contraction (%MVC) for rectifying EMG amplitudes of each muscle, and average %MVC values were calculated for each task.

The Profile of Mood States-Short Form (POMS) was used to measure mood states before and after completion of all tasks. Subjects indicated the degree to which each adjective described them at the moment they took the test using a 5-point Likert scale. Scoring of the POMS was classified into 6 psychological subscales: fatigue-inertia, vigor-activity, tension-anxiety, depression-dejection, anger-hostility, and confusion-bewilderment; each T-score and change value were calculated.

Statistical analysis of differences in work time, EMG parameters, and POMS scores were compared among all subjects using the Wilcoxon signed-rank test and were compared between healthy subjects and those with cervical SCI using the Mann-Whitney U-test. Significance was set at p \< 0.05.

RESULTS {#s3}
=======

The subjects' characteristics (healthy group, n = 10; SCI group, n = 6) are presented in [Table 1](#tbl_001){ref-type="table"}Table 1.Subject characteristicsHealthy groupCervical SCI group(n=10)(n=6)Gender (male / female)6 / 46 / 0Age (years)25.6 ± 10.235.8 ± 7.6Height (cm)168.3 ± 10.5174.5 ± 4.2Weight (kg)64.1 ± 15.255.5 ± 11.3Body mass index (kg/m^2^)22.5 ± 4.118.2 ± 3.6ASIA motor score of upper extremity (/50)-23.0 ± 11.5Values are presented as the mean ± SD, with the exception of gender.ASIA: American Spinal Injury Association; SCI: spinal cord injury. The 10 healthy subjects and 5 of the individuals with cervical SCI (C6--C8) were able to complete 150 repetitions of each plant factory task. One individual with a C5 injury completed only 50 repetitions of the transplantation and harvesting tasks because he took 9--10 times longer than a healthy person. The working time for subjects with C6--C8 injuries was about 2--3 times longer for each task than that for healthy subjects (p \< 0.05).

Regarding muscle activity in transplantation and harvesting, individuals with cervical SCI had higher average %MVC values of the upper trapezius and anterior deltoid muscles compared with healthy persons, and the difference in the anterior deltoid during harvesting was statistically significant (p \< 0.05; [Table 2](#tbl_002){ref-type="table"}Table 2.Average percentage of maximum voluntary contraction (%MVC) during plant factory tasksHealthy group\
(n=10)Cervical SCI group\
(n=6)SowingUT8.8 ± 4.410.4 ± 6.2AD7.8 ± 4.48.0 ± 3.2BB3.8 ± 1.82.2 ± 1.2TransplantingUT11.4 ± 4.713.5 ± 6.3AD11.3 ± 4.317.2 ± 13.6BB5.1 ± 2.03.0 ± 1.5HarvestingUT12.3 ± 5.517.1 ± 7.7AD8.7 ± 3.7\*20.3 ± 14.5\*BB3.8 ± 1.84.0 ± 2.4Values are presented as the mean ± SD. \*p \< 0.05 by Mann-Whitney U test. UT: upper trapezius; AD: anterior deltoid; BB: biceps brachii; SCI: spinal cord injury).

The tension-anxiety and vigor POMS scores were significantly decreased in the healthy group (p \< 0.05), and the vigor POMS score was significantly increased in the cervical SCI group (p \< 0.05; [Table 3](#tbl_003){ref-type="table"}Table 3.Comparison of the Profile of Mood States scores before and after completion of plant factory tasksHealthy group (n=10)Cervical SCI group (n=6)BeforeAfterBeforeAfterTension-anxiety39.7 ± 4.1\*35.8 ± 2.9\*36.5 ± 4.538.3 ± 5.8Depression42.5 ± 3.940.7 ± 2.741.7 ± 2.941.7 ± 2.4Anger-hostility39.1 ± 4.237.8 ± 2.538.8 ± 3.037.0 ± 0Vigor46.1 ± 10.7\*39.8 ± 9.0\*36.8 ± 7.4\*42.5 ± 9.4\*Fatigue37.4 ± 3.338.8 ± 2.738.0 ± 3.745.5 ± 5.8Confusion49.4 ± 10.044.1 ± 2.946.0 ± 2.843.5 ± 2.3Values are presented as the mean ± SD. \*p \< 0.05 by Wilcoxon signed-rank test. SCI: spinal cord injury). When comparing scores between healthy subjects and those with cervical SCI, there was a significant difference in the vigor subscale as assessed by the Mann-Whitney U-test (p \< 0.05).

DISCUSSION {#s4}
==========

Individuals with cervical SCI completed the plant factory tasks, though it required increased time and muscle activity. For individuals with C5--C8 injuries, it is important to develop an appropriate environment and assistive devices to facilitate work because they have not only trunk paralysis but also upper extremity weakness and dysfunction. In particular, we think that it is necessary to devise work that can be easily and closely performed for people with a C5 injury because dysfunction in finger dexterity and distal reaching result in tasks taking a long time to complete.

From the results of surface EMG of individuals with cervical SCI, activity values of the upper trapezius and anterior deltoid muscles in the elevated upper limb showed more than 15%MVC during the transplantation and harvesting tasks. According to a study by Madeleine, muscle fatigue and musculoskeletal discomfort can be a precursor of pain related to work-related musculoskeletal disorders[@r15]^)^. Thus, it is necessary to establish reduced muscle activity. Accordingly, we developed an environment that allows workers to put down their forearms during work, and we also developed a handy tool that may be utilized using gross motions. For example, to avoid elevating the upper limbs, it is possible to use a turntable under a tray, which can easily be placed in front of the body for transplanting, and palm-sized equipment consisting of safety razors can be used for harvesting with a simple sliding motion. If plant factory work is simplified through the use of assistive devices, the work time will shorten. Work pace is a key issue in production system design[@r16],[@r17],[@r18],[@r19],[@r20]^)^; improvement of work efficiency may also prevent additional work-related musculoskeletal disorders.

The positive physiological and emotional effects of walking in a forest and horticultural therapy have previously been reported[@r21], [@r22]^)^. We confirmed that individuals with cervical SCI had improved vigor after plant factory work, with predicted positive psychological aspects. However, individuals with cervical SCI had increased tension and anxiety and fatigue scores; therefore, it is necessary to consider the long-term psychological effects of performing delicate tasks in a closed space.

Many reports have demonstrated low physical activity and energy consumption per day in individuals with SCI[@r23], [@r24]^)^. In particular, the prevalence of cardiovascular disease is increased in people with SCI[@r23], [@r24]^)^. Since there is a high possibility that the cause of death in those with SCI may be related to chronic lack of exercise, increasing opportunities to work may be expected to improve physical activities and psychological well-being.

Therefore, although automation is possible for nearly all tasks, by application of designs and appropriate automation and manual work, we believe that manual work in a welfare-type plant factory is important given the physical and mental benefits of directly touching and working with green plants. The limitations of this study include the small sample size and the influence of long-term plant factory work on cervical SCI.

By finding employment, it is possible for individuals to increase their income and enhance their quality of life, and physical, mental, and social rehabilitation can be expected. The results of this study are highly useful and are directly linked to the practical application of plant factories; the newly proposed working environment can facilitate employment of individuals with severe SCI and improve their quality of life.
